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FOREWORD 

This  Technical  Report  covers  all  work  performed  under  an  In-house 
effort  from  15  January  1972  to  15  April  1973.  The  work  was  Initiated 
under  Project  Nr.  3145,  Task  Nr.  19,  Work  Unit  Nr.  33,  "Support  of  TRIAD  I 
Radiation  Hardened  Solar  Cells  for  Space  Flight  Test." 

The  work  of  this  effort  was  conducted  by  Lt  John  M.  Green, 

AFAPL/POE-2,  Energy  Conversion  Branch,  Aerospace  Power  Division  of  the 
Air  Force  Aero  Propulsion  Laboratory,  Wrlght-Patterson  Air  Force  Base, 
Ohio.  Mr.  W.  E.  Ray  of  the  Applied  Physics  Laboratory  of  Johns  Hopkins 
University  (APL),  provided  valuable  assistance  and  functioned  as  the  APL 
focal  point  for  this  effort.  The  satellite  vehicle  for  this  experiment 
was  a  Navy  navigational  satellite  of  the  Transit  Series.  FY71  Laboratory 
pi  rector's  Funds  were  used  to  Initiate  procurement  of  the  hardened  solar 
cells  for  the  flight  test  In  order  to  meet  a  tight  launch  schedule. 


This  technical  report  has  been  reviewed  and  Is  approved  for 
publication. 


V. 


Is* 

JAMES 


D.  REAMS,  Chief 
Energy  Conversion  Branch 
Aerospace  Power  Division 
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V 


ABSTRACT 


Hardened  solar  array  panel  segments  and  experimental  modules  fabricated  by 
TRW  for  the  Air  Force  Aero  Propulsion  Laboratory  are  described.  Preflight 
tests  and  data  reduction  techniques  used  for  this  experiment  are  explained 
amd  the  results  reported.  The  flight  test,  which  was  conducted  by  the  Applied 
Physics  Laboratory  of  Johns  Hopkins  University,  yielded  very  little  data  due 
to  a  telemetry  system  failure  of  the  host  satellite  (a  Navy  navigation 
satellite  of  the  Transit  series) .  Data  which  was  obtained  in  the  30  days  of 
flight  prior  to  the  failure  is  presented  and  discussed. 
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SECTION  I 
INTRODUCTION 


On  2  September  1972,  the  Navy  launched  a  navigational  satellite  of  the 
Transit  series.  This  satellite,  which  was  called  TRIAD  during  its  develop¬ 
ment,  has  a  radioisotope  thermal  generator  (RTG)  for  its  main  power  source; 
however,  it  has  an  auxiliary  power  source  consisting  of  four  experimental 
hardened  solar  panel  segments.  Another  one  of  the  experiments  on  board 
the  spacecraft  is  a  set  of  six  solar  cell  modules  designated  the  Environmen¬ 
tal  Survey  Panel  (ESP) .  This  report  will  describe  the  pre-flight  tests  that 
were  conducted  on  the  solar  power  experiments,  the  results  of  those  tests, 
and  the  flight  data  that  are  available. 

Pour  solar  panel  segments  were  built  by  TRW  under  AFAPL  Contract  F33615- 
71-C-1260.  The  panel  segments  had  been  tested  by  TRW  and  were  considered 
qualified  for  space  flight.  Details  of  the  fabrication  and  testing  of  these 
segments  are  available  in  the  Contract  Final  Report  AFAPL-TR-72-33.  During 
flight  qualification  thermal  cycling  tests  at  the  Applied  Physics  Laboratory 
(APL)  on  18  May  1972,  three  of  the  panels  failed  catastrophically.  Failure 
mechanism  was  debonding  of  the  aluminum  shin  from  the  honeycomb  core  of  the 
panel  substrates.  These  substrates  were  supplied  to  TRW  by  APL.  It  was 
later  determined  that  the  inside  of  the  skin  had  been  anodized  by  mistake; 
this  prevented  good  bond  formation  between  skin  and  core  and  eventually 
resulted  in  the  failure  described  above.  The  panels  had  previously  been 
cycled  by  TRW  from  room  temperature  to  low  temperature  and  held  there  for  a 
period  of  time;  this  allowed  gases  trapped  in  the  substrate  to  out-gas. 

When  the  cycling  by  APL  started  with  the  high  temperature  first,  failure 
occurred.  The  undamaged  panel  had  been  subject  to  a  cold  soak  in  vacuum 
immediately  prior  to  the  test  which  allowed  it  to  out-gas  as  before;  this 
accounts  for  its  survival. 

The  fed  led  panels  were  replaced  by  APL.  Two  of  the  replacements 
were  conventional  panels  of  Ti-Ag  contacted  N/P  solar  cells  with  soldered 
interconnects.  The  third  panel  was  supplied  to  APL  by  Spectrolab  and 
was  composed  of  N/P  and  P/N  lithium  doped  cells  with  aluminum  contacts. 

The  panel  layout  and  interconnection  was  the  same  as  the  TRW  panel,  but 
the  interconnectors  were  the  elaborate  wraparound  type  designed  by 
Spectrolab  rather  than  the  notched  strips  used  by  TRW. 

Thirty  days  after  launch,  the  onboard  analog  to  digital  converter 
of  the  telemetry  system  failed.  No  further  data  could  be  obtained  after 
this  event.  Very  little  flight  data  were  obtained. 
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SECTION  II 
DISCUSSION 


1.0  Solar  Panel  Segments 

The  solar  panel  segments  were  fabricated  by  TRW  Systems  under  AFAPL 
Contract  F33615-71-C-1260 .  The  cells  used  for  these  segments  have  aluminum 
contacts.  Interconnections  were  made  using  notched  aluminum  strips  that 
were  ultrasonically  welded  to  the  cells.  These  panels  are  the  first  actual 
space  flight  test  of  aluminum  contact  hardening  technology. 

The  configuration  of  the  panel  segments  is  shown  in  Figure  1.  Each 
panel  consists  of  2  sections;  each  section  contains  40  cells  connected 
2  in  parallel.  20  in  series.  Section  A  is  made  from  N/P  cells  while 
Section  B  is  made  from  P/N  lithium  doped  cells.  In  order  to  distinguish 
between  the  various  panel  sections  a  code  number  was  assigned  to  each 
section  which  consists  of  the  panel  number  (1,  2,  3,  or  4)  followed  by  the 
section  letter  (A  or  B)  .  Thus,  the  lithium  doped  cells  on  panel  number  2 
would  be  designated  2B. 

1.1  Test  Procedure 


Although  the  intensity  of  the  13  inch  diameter  beam  of  the  X-25  solar 
simulator  is  consistent  within  +2%,  there  is  some  variation  between  different 
locations  within  the  beam.  The  intensities,  as  measured  at  locations  in  the 
beam  with  a  balloon  flight  standard  cell,  are  shown  in  Figure  2.  In  order  to 
compensate  for  this  problem  the  panels  were  oriented  in  four  different 
positions.  The  I-V  characteristics  were  plotted  for  each  position.  The 
curves  produced  by  this  procedure  were  averaged  visually,  and  a  composite 
curve  was  drawn  which  was  most  representative  of  the  data  obtained.  It 
is  these  composite  curves  for  each  panel  section,  that  are  included  in  this 
report . 

The  solar  simulator  intensity  was  set  with  a  balloon  flight  standard 
cell  by  matching  its  short  circuit  current  (Isc)  under  the  simulator  with 
that  measured  in  the  high  altitude  balloon  flight  and  corrected  for  seasonal 
variation . 

1.2  Test  Results 


The  composite  curves  mentioned  above  are  presented  in  Figures  3 
through  10.  The  values  of  the  parameters  of  interest  for  panels  are  presented 
in  Table  1.  These  values  were  obtained  directly  from  the  con$>osite  curves. 

1.3  Flight  Data 

As  mentioned  previously,  only  panel  number  four  was  actaully  flown. 

Due  to  the  secondary  nature  of  the  solar  power  experiment,  no  I-V  character¬ 
istics  were  determined  for  the  panel  segments  prior  to  the  failure  of  the 
telemetry  system.  The  only  data  that  are  available  are  shown  in  Figure  6 
and  Figure  10.  Since  the  solar  panels  were  being  used  to  charge  the  space¬ 
craft  batteries,  the  data  were  all  obtained  at  the  charging  voltage  of  about 
six  volts.  Data  was  taken  during  each  telemetry  pass  until  the  failure 
occurred.  The  flight  data  were  only  taken  for  solar  attitude  angles  of  less 
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than  45°  and  corrected  £or  normal  incidence  using  the  cosine  law.  Although 
the  flight  data  are  somewhat  higher  than  experimental  data,  the  correlation 
is  excellent  considering  the  lower  intensities  obtained  near  the  panel  edges 
during  laboratory  measurements  as  indicated  in  Figure  1.  No  degradation  in 
performance  was  noted  during  the  twenty-six  days  in  which  data  were  obtained. 


TABU!  I:  PRE-FLIGHT  SOLAR  PANEL  SEGMENT  PARAMETERS 


Section 

Voc  (volts) 

*sc  (ma) 

vm  (volts) 

(ma)  pm  (nut) 

Eff.* 

1A 

10.61 

265 

8.45 

247 

2.09 

9.3% 

2A 

10.66 

265 

8.60 

247 

2.13 

9.5% 

3A 

10.71 

261 

8.60 

247 

2.12 

9.5% 

4A 

10.66 

261 

8.53 

249 

2.12 

9.5% 

IB 

11.59 

264 

8.90 

247 

2.20 

9.8% 

2B 

11.66 

268 

9.03 

244 

2.20 

9.8% 

3B 

11.65 

268 

9.01 

245 

2.21 

9.9% 

4B 

11.60 

266 

8.88 

248 

2.20 

9.8% 

*  Based  on  4.0  cm2  per  cell  of  active  area  and  calculated  at  max  power;  solar 
intensity  assumed  to  be  140 .  Omw/cm2 


2.0  Experimental  Modules 

There  were  six  experimental  modules,  each  consisting  of  six  solar  cells, 
mounted  on  the  Environmental  Survey  Panel  (ESP)  of  the  TRIAD  spacecraft.  The 
layout  of  this  panel  is  shown  in  Figure  11. 

The  cell  types  used  for  each  of  the  modules  are  as  follows: 


Module  1 

N/P 

No  cover  glass 

Module  2 

N/P 

6  mil  fused  silica  covers 

Module  3 

N/P 

Integral  1720  glass  covers 

Module  4 

P/N 

Lithium  doped  cells 

Module  5 

N/P 

20  mil  fused  silica  covers 

Module  6 

N/P 

60  mil  fused  silica  covers 

Modules  number  3  and  4  were  fabricated  by  TRW  Systems  under  AFAPL  Contract 
F3 36 15-7 1-C- 1260 .  Other  modules  were  supplied  by  the  Applied  Physics 
Laboratory. 
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2.1  I-V  Characteristics 


When  the  ESP  arrived  at  AFAPL,  it  was  already  wired  into  the  flight 
configuration  which  made  it  impossible  to  obtain  continuous  I-V  characteristics 
of  the  individual  modules.  By  using  the  telemetry  simulation  loading  it  was 
possible  to  obtain  only  the  four  points  described  in  paragraph  2.2  below. 

For  this  reason,  the  preflight  I-V  curves  for  these  modules,  which  appear  as 
Figures  12  through  17,  were  supplied  by  the  Applied  Physics  Laboratory.  In 
addition  to  these  curves,  both  calibration  data  points  obtained  at  normal 
incidence  in  the  angle  of  incidence  experiment  described  below  and  available 
flight  data,  are  plotted  in  these  figures.  Explanation  and  analysis  of  the 
flight  data  are  presented  in  paragraph  2.3.  The  APL  preflight  calibration 
I-V  curves  indicate  short  circuit  currents  (Isc)  that  are  considerably  lower 
than  the  AFAPL  and  flight  data  values.  This  can  be  attributed  to  the  fact 
that  their  curves  were  taken  using  a  tungsten  lamp  illuminator,  which  does 
not  match  the  Air  Mass  Zero  (AMO)  spectral  distribution  as  well  as  the  Xenon 
lamp  simulator  which  AFAPL  uses.  In  addition,  the  intensity  of  the  APL 
simulator  is  set  on  the  conservative  side  (i.e.,  lower  intensity  than  AMO) 
according  to  Mr.  William  Ray  of  APL.  This  is  a  reasonable  explanation  in 
view  of  the  fact  that  the  open  circuit  voltages,  which  are  not  a  strong  function 
of  illumination,  are  accurate  while  the  short  circuit  current  values,  which 
are  a  strong  function  of  illumination,  are  low. 

2.2  Angle  of  Incidence 

Since  the  ESP  is  not  oriented  toward  the  sun,  it  will  be  only  on  rare 
occasions  that  the  experiment  is  perpendicular  to  the  sun.  Thus,  it  is 
desirable  to  be  able  to  obtain  meaningful  data  regardless  of  the  angle  of 
the  incidence  of  the  sun's  light. 

In  order  to  determine  the  response  of  the  modules,  they  were  mounted 
on  a  goniometer  platform  which  allowed  them  to  be  positioned  in  the  solar 
simulator  beam  with  two  degrees  of  freedom.  By  using  a  resistance  network 
supplied  by  APL  to  simulate  the  spacecraft  load  system,  the  performance  of 
the  modules  at  each  telemetry  load  condition  could  be  examined.  The  simulated 
load  conditions  were  for  open  circuit  voltage,  short  circuit  current,  and 
two  points  in  between  called  load  point  1  and  load  point  2.  Using  these 
four  points  it  is  possible  to  get  an  idea  of  how  the  I-V  characteristic 
curve  should  look.  Figure  18  gives  the  schematic  diagram  for  the  telemetry 
simulating  load  and  Table  II  gives  the  condition  simulated  by  the  various 
positions  of  switches  and  S2> 

The  solar  attitude  angle,  Gs,  is  defined  as  the  angle  between  a  line 
perpendicular  to  the  solar  cell  surface  and  a  line  from  the  cell  surface  to 
the  center  of  the  sun.  For  example,  if  the  cell  surface  is  perpendicular  to 
the  sun,  the  solar  attitude  angle  is  0° . 

2.2.1  Data  Reduction 


Before  the  collected  data  could  be  analyzed,  it  was  necessary  to  compensate 
for  several  factors  in  which  the  test  setup  was  not  a  true  simulation  of  space 
conditions.  Corrective  factors  were  determined  for  temperature  variations, 
ambient  lighting  conditions,  and  variations  in  light  intensity  with  distance 
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TABLE  II 

SIMULATED  LOAD  CONDITIONS  FOR  AFAPL  PRE-FLIGHT  TESTS 


POSITION 

S1 

OF  SWITCH 

s2 

SIMULATED 

LOAD 

A 

A 

Open  circuit  voltage 

A 

B 

Load  Point  2 

B 

A 

Short  circuit  current 

B 

B 

Load  Point  1 
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from  the  solar  simulator.  The  techniques  which  were  used  to  make  these  adjust¬ 
ments  are  described  in  the  following  paragraphs.  All  of  the  necessary  factors 
were  combined  in  a  single  computer  program  which  is  described  in  Appendix  B. 

2. 2.1.1  Temperature  Variations 

The  temperature  of  the  ESP  panel  was  determined  by  a  device 
c.  lied  a  "sensitor".  The  resistance  of  this  device  is  a  linear  function  of 
temperature  over  the  range  of  interest  which  makes  it  quite  easy  to  evaluate 
the  panel  temperature.  For  the  pre-flight  test,  the  sensistor  leads  were  con¬ 
nected  to  a  digital  volt-ohm  meter  for  direct  readout  of  the  resistance  instead 
of  the  usual  telemetry  circuit.  The  necessary  corrective  factors  needed  to 
normalize  the  data  to  2S*C,  were  determined  and  were  plotted  versus  sensistor 
resistance  in  Figure  19.  The  corrected  data  are  obtained  by  multiplying  the 
raw  data  by  the  correction  factor. 

2. 2. 1.2  Ambient  Light 

Due  to  the  large  size  of  the  test  setup,  it  was  not  possible 
to  shield  it  from  outside  light  sources  such  as  room  lighting.  To  overcome 
this,  a  standard  cell  was  mounted  on  the  goniometer  and  its  response  was 
plotted  as  a  function  of  position  with  the  solar  simulator  turned  off.  By 
adding  the  AMO  short  circuit  current  to  the  value  recorded  and  dividing  this 
number  by  the  AMO  short  circuit  current,  the  percentage  change  in  the  output 
due  to  ambient  light  was  obtained.  This  plot  is  shown  in  Figure  20.  The 
dotted  line  represents  an  empirical  approximation  of  the  observed  data.  The 
formula  for  the  approximation  is: 

1 4C  -  J _ 100 _ )_ 

(101.5  +  1.225  sin  0X) 

where  Q„  ■  90  (0S  -  24*) 

66 

08  -  solar  attitude  angle  in  degrees 

Isc  -  original  data 

I 4c  *  data  corrected  for  ambient  light 

The  numbers  in  the  equations  for  both  IJc  and  0X  represent  the  best  empirical 
approximation  to  fit  observed  data  and  have  no  physical  significance.  Since 
small  variations  in  ambient  light  do  not  affect  the  voltage,  no  corrective 
factor  need  be  determined.  (This  fact  was  verified  experimentally.) 

2. 2. 1.3  Variations  in  Light  Intensity 

The  light  from  the  solar  simulator  is  a  very  tight  beam, 
but  unfortunately  it  is  not  tight  enough.  Since  the  beam  is  not  perfectly 
collimated,  the  intensity  of  the  light  is  a  function  of  distance  from  the 
simulator.  By  placing  a  standard  cell  in  the  beam  and  measuring  short  circuit 
current,  the  variation  of  intensity  was  found  to  be  1.88%  per  inch  for  +10 
inches  from  the  standard  distance  of  96  inches.  As  with  ambient  light,  the 
voltage  is  unaffected  by  these  variations. 
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In  order  to  condensate  for  intensity  variation,  it  is  neces¬ 
sary  to  determine  the  distance  between  the  solar  cells  and  the  simulator.  The 
equations  to  do  this  are  derived  in  Appendix  A. 

The  corrected  currents  are  obtained  by  dividing  the  raw  data 
by  (l-t  ,0188m)  where  M  is  defined  such  that  (96-M)  is  the  distance  in  inches 
from  the  solar  cell  surface  to  the  solar  simulator. 

2.2.2  Experimental  Procedure 

After  the  panel  was  positioned  properly  on  the  goniometer,  the 
goniometer  was  rotated  to  a  specified  angle  about  one  axis  and  then  was  rotated 
through  180°  about  the  other  axis  of  rotation.  During  the  run  through  the 
second  rotation  ,  the  current  and  voltage  outputs  of  the  modules  were  recorded 
on  a  multichannel  strip  chart  recorder.  Due  to  the  limited  number  of  telemetry 
channels  onboard  the  spacecraft,  the  modules  were  divided  into  three  groups, 
and  only  the  group  voltages  are  measured.  Group  one  consists  of  the  parallel 
combination  of  modules  1,  2,  and  3;  group  2  is  module  4,  while  group  3  is 
modules  S  and  6  in  parallel.  The  current  from  each  module  is  transmitted 
making  a  total  of  nine  tracks  of  information  recorded  during  each  run.  Since 
four  load  resistances  were  used,  it  was  necessary  to  make  four  runs  at  each 
pitch  angle  to  obtain  the  required  data.  The  circuit  diagram  showing  how  the 
modules  are  connected  is  presented  in  Figure  18. 

2.2.3  Results 


After  the  reduction  techniques  described  in  the  previous  section 
were  applied  to  the  data,  various  plots  were  made  to  help  evaluate  it.  A 
summary  of  the  responses  is  presented  in  Table  II,  and  each  of  the  findings  is 
discussed  briefly  in  the  paragraphs  that  follow. 

2. 2. 3.1  Current 


The  responses  of  the  modules  for  short  circuit  current 
were  all  typical  of  what  has  been  found  by  earlier  experimenters.  The  output 
was  found  to  vary  with  the  cosine  of  the  solar  attitude  angle.  These  plots 
are  shown  in  Figures  21  through  26. 

Since  load  point  one  has  a  relatively  low  load  impedance,  the 
load  point  was  past  the  knee  of  the  I-V  curve  which  means  the  current  output 
was  very  close  to  short  circuit  current.  Figures  27  through  32  present  these 
curves . 


At  load  point  two,  the  cell  output  was  almost  independent 
of  the  solar  attitude  angle  up  to  about  30°.  The  slight  decrease  with  increas¬ 
ing  angle  can  be  approximated  by  the  linear  function  given  in  Table  III.  The 
current  output  of  each  of  the  modules  at  load  point  two  is  given  in  Figures 
33  through  38. 
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TABLE  III 


RESPONSE  OF 

ESP 

MODULES  AS  A 

FUNCTION 

OF  THE  SOLAR  ATTITUDE  ANGLE,  0S 

MODULE  LOAD 
CONDITION 

V1 

v2 

V3 

I 

sc 

* 

* 

* 

Load 

Point  1 

.59O-08 

. 53O-0S 

.56O-08 

Cl 

Cl 

C r 

Load 

Point  2 

1.48O-0S 

1.58O-0S 

1.530-Og 

cl 

cl 

V 

oc 

1.735 

1.870 

1.765 

MODULE  LOAD  j 
CONDITION  1 2 

*2 

*3 

*4 

I5  *6 

ISC 

275  cos 

0s 

273  cos  08 

252  cos 

0S  264  cos 

0s 

278  cos  0S  280  cos  0S 

Load 

Point 

1 

275  .cos 

Qs 

273  cos  0S 

252  cos 

0S  264  cos 

0s 

278  cos  0S  280  cos  0S 

Load 

Point 

2 

133-  Oj 

132-0^ 

13O-08 

130-08 

123-©g  135-08 

c3 

C3 

c3 

C4 

C4  C4 

Voc 

* 

* 

* 

* 

*  * 

‘Approximately  zero 


Notes  s 


1.  Voltages  are  in  volts;  currents  are  in  milliamps;  0S  is  in  degrees 

2.  Cj^  »  500#/volt;  C2  *  1000°/volt;  C3  *  8°/milliamp;  C4  «  4°/milliamp 
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2.2. 3.2  Voltage 

Little  variation  was  noted  in  any  of  the  voltages  for 
solar  attitude  angles  of  less  than  30° .  Above  30°  the  voltage  began  falling 
off  rather  rapidly.  Figures  39,  40,  and  41  are  the  open  circuit  voltage  plots 
while  Figures  42  through  44  are  for  load  point  one  and  Figures  45  through  47 
are  for  load  point  two. 

2.3  Flight  Data 

Data  were  obtained  from  the  solar  modules  on  days  4,  13,  25  and  26  after 
launch.  Due  to  the  short  exposure  time,  no  degradation  in  performance  was 
noted  except  for  the  bare  cells  in  module  1.  Data  points  were  corrected  to 
normal  incidence  and  28*0  and  were  plotted  in  Figures  12  through  17.  The 
degradation  observed  in  module  1  was  approximately  12%  in  open  circuit  voltage, 
6%  in  short  circuit  current,  and  22%  in  maximum  power;  this  can  be  clearly 
seen  in  Figure  12.  The  degradation  was  probably  due  to  low  energy  proton 
irradiation . 

It  was  observed  during  preflight  testing  that  short  circuit  current 
was  a  cosine  function  of  the  angle  of  solar  incidence.  This  fact  was  verified 
using  flight  data.  Since  all  of  the  modules  behaved  in  a  similar  fashion, 
only  Figure  22,  which  is  for  module  2,  contains  a  plot  of  flight  data. 

The  agreement  between  calibration  data  and  flight  data  for  open  circuit 
voltage  (VOC)  is  good  (about  5%  difference) ,  which  indicates  that  temperature 
corrections  for  the  cells  are  reasonably  good  since  VOC  is  a  strong  function 
of  tenqperature  but  is  not  a  strong  function  of  intensity.  On  the  other  hand, 
the  agreement  is  not  so  good  (about  14%  difference)  for  short  circuit  current 
(Isc)  which  is  a  strong  function  of  intensity.  It  seems  evident  that  the 
AFAPL  simulator  intensity  was  somewhat  low.  This  fact  is  further  borne  out 
by  the  fact  that  the  calibration  data  for  modules  2  and  4  which  are  in  the 
center  of  the  panel  are  in  better  agreement  with  flight  data  than  are  the 
other  modules  which  are  on  the  outer  portion  of  the  panel.  This  was  to  be 
expected  since  the  simulator  beam  is  less  intense  at  the  outer  edges  (see 
Figure  1) .  The  differences  between  APL  and  AFAPL  calibrations  are  pointed 
out  in  paragraph  2.1. 
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SECTION  III 
CONCLUSIONS 


Although  the  quantity  of  flight  data  obtained  was  not  great,  the 
quality  was  good.  In  every  case  measured  in-space  performance  of  the 
hardened  solar  cells  was  higher  than  was  predicted  from  ground  based 
testing.  The  tests  conducted  by  TRW  on  the  solar  panel  segments  and 
experimental  modules  were  not  discussed  in  this  report,  but  their 
predictions  were  within  2%  of  AFAPL  predictions  in  every  case.  Thus,  it 
would  seem  that  beam  uniformity  of  the  X-25  simulator  rather  than  experi¬ 
mental  procedure  is  probably  the  cause  of  the  low  predicted  values. 

No  conclusions  concerning  the  long-term  performance  of  the  hardened 
solar  cells  are  possible  due  to  the  short  period  of  time  for  which  data 
are  available. 

Flight  test  validation  of  hardened  space  power  components  should 
continue  to  take  a  high  priority.  Now  that  initial  high  performance  has 
been  proven,  it  should  be  easier  to  convince  mission  planners  to  include 
hardened  solar  cells,  perhaps  even  as  the  primary  power  source. 
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Figure  1.  Panel  Layout  and  Nomenclature 
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NOMINAL  BEAM  DIAMETER  OF  13  INCHES 


X-25  SIMULATOR  SET  TO  AMO  CONDITIONS  WITH  140  mW/CM2  AT  THE  BEAM'S  CENTER 
USING  I PC- 3  BALLOON  FLIGHT  STANDARD. 


PLOT  MADE  WITH  2  x  2  CM  CELL  MOUNTED  ON  A  WATER  COOLED  BLOCK  (78°F).  CELL 
WAS  N/P,  NUMBERS  INDICATE  Isc  FOR  THE  CELL.  (NOMINAL  Isc  *  136  at  AMO) 


Figure  2.  Relative  Intensity  of  Solar  Simulator  Beam 
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Figure  4.  V  vs.  I  For  Panel  Segment  2A 
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Figure  5.  V  vs.  I  For  Panel  Segment  3A 
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I  M1LLIAMPS 

Figure  6.  V  vs.  I  For  Panel  Segment  4A 
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Figure  7.  V  vt.  I  For  Panel  Segment  IB 
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Figure  8.  V  vs.  I  For  Panel  Segment  2B 
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Figure  10.  V  vs.  I  For  Panel  Segment  4B 
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Figure  11.  Environment  Survey  Panel  (ESP) 
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Figure  12.  V  vs.  I  For  Module 
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Figure  13.  V  vs.  I  For  Module  2 
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Figure  14.  V  vs.  I  For  Module  3 


FL I GHT ( DAY 4 ) 


AFAPL-TR-73-106 


25 


Figure  15.  V  vs.  I  For  Module  4 
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Figure  16.  V  vs.  I  For  Module  5 
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Figure  17.  V  vs.  I  For  Module  6 
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Figure  18.  TRIAD  Telemetry  Simulation  Loads  Schematic  Diagram 
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Figure  20.  Contribution  of  Ambient  Light  to  Short  Circuit  Current  Output 
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Figure  22.  Short  Circuit  Current  vs.  Solar  Attitude  Angle  for  Module  2 
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Figure  24.  Short  Circuit  Current  vs.  Solar  Attitude  Angle  for  Module  4 


AFAPL-TR-73-106 


Sdwvmiw  NI  iN3U«n3 


35 


Figure 


AFAPL-TR-73-106 


g  8  §  8  8  8 

SdNvmiH  ni  iN3aanD 


36 


AFAPL-TR-73-1 06 


SdMVmiH  NI  INHWD 


37 


Figure  27.  Module  1  Current  vs.  Solar  Attitude  Angle  at  Load  Point  One 
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Figure  30.  Nodule  4  Current  vs.  Solar  Attitude  Angle  at  Load  Point  One 
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Figure  31.  Module  5  Current  vs.  Solar  Attitude  Angle  at  Load  Point  One 


250 


AFAPL-TR-73-106 


42 


AFAPL-TR-73-106 


SdWVmiW  NI  INBdUn? 


43 


300 


AFAPL-TR-73-106 


44 


Figure  34. 
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Figure  37. 
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Figure  40.  Open  Circuit  Voltage  vs.  Solar  Attitude  Angle  for  Module  Group  2 
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Figure  41.  Open  Circuit  VolUge  vs.  Soler  Attitude  Angle  for  Module  Group  3 
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Figure  43.  Module  Group  2  Voltage  vs.  Solar  Attitude  Angle  at  Load 
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Figure  45.  Nodule  Group  1  Voltage  vs.  Solar  Attitude  Angle  at  Load  Point  Two 
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Figure  47.  Module  Group  3  Voltage  vs.  Solar  Attitude  Angle  at  Load  Point  Two 
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APPENDIX  A 


Derivation  of  Co-Ordinate  Transformations  for  Calculations  of  Intensity 
Corrections. 

Let  us  first  define  an  inertial  co-ordinate  system  as  shown  in  Figure 
48.  The  center  of  this  system  is  the  center  of  the  ESP  with  the  X-axis 
pointing  toward  the  solar  simulator,  the  Y  axis  pointing  straight  up,  and 
the  Z-axIs  to  complete  a  right-handed  system.  The  ESP  was  mounted  on  the 
goniometer  in  such  a  way  that  its  center  lies  in  the  plane  of  rotation  for 
both  axes  of  rotation  used  In  this  experiment. 

Next,  we  must  define  a  local  co-ordinate  system  that  is  fixed  with 
respect  to  the  ESP  rather  than  Inertial  space.  The  easiest  way  to  do  this 
Is  to  define  the  local  system  to  be  Identical  with  the  Inertial  system  for 
the  original  panel  position;  however,  this  system  moves  with  the  panel  during 
rotation. 

To  help  clarify  this  explanation,  two  angles  of  rotation  will  now  be 
defined.  .Pitch  Is  defined  as  rotation  about  the  inertial  Z-axIs  with  counter 
clockwlse(CCW)  rotation  considered  to  be  positive.  Roll  Is  defined  as 
rotation  about  the  local  X-axis  clockwise  rotation  considered  to  be 
positive.  The  transformation  matrix  associated  with  each  of  these  manuevers 
will  now  be  derived. 


Consider  Figure  49.  Elementry  geometry  shogs  that  the  unit  vectors 
for  the  new  co-ordinate  system  are  as  follows  (1,  J,  and  1c  are  the  Inertial 
unit  vectors): 


xBa  *  cos  0p  *  +  s*n  eP  J 
YBa  ■  -sin  ep  T  +  cos  ep  j 

zBa  *  * 


so  that  the  transformation  matrix  Is: 


r.n 


[Ba 

cos  ep  sin  ep  0 

1 

Ba  ' 

■ 

-sin  ep  cos  ep  0 

I 

oa 

0  0  1 

A 

In  a  similar  manner  It  can  be  seen  from  Figure  50  that: 
^b  "  * 

YPb  ’  cos  0R  J  '  s1"  9R  - 
ZBb  *  sin  ep  J  +  cos  ep  k 
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(Solar  Simulator) 


Figure  48.  Inertial  Coordinate  System  with  Panel  In  the  Unrotated  Position 
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2.  *Ba 

Figure  49.  Pitch  Rotation 


Y 


x,  xBb 


Figure  50.  Roll  Rotation 
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which  yields  this  matrix: 


xBb 

1  0  0 

? 

Yfib 

s 

0  cos  0  R  -  sin  0  R 

j 

jBb 

0  sin  e  R  -  cos  0  R 

k 

For  a  given  sequence  of  rotations,  the  final  position  can  be  described 
by  the  product  of  the  matrices  of  each  of  the  individual  rotations.  In 
the  experiment,  the  goniometer  was  first  rolled  to  a  specified  angle  and 
then  pitched  from  -90°  to  +90°  while  data  was  recorded  by  a  strip  chart 
recorder.  Since  the  pitch  rotation  always  takes  place  about  the  Inertial 
Z-axis  rather  than  the  local  Z-axIs,  the  experimental  procedure  Is  equivalent 
to  performing  the  pitch  first  (while  local  Z  and  Inertial  Z  are  Identical) 
and  then  the  roll. 


With  this  argument  In  mind,  we  now  compute  the  final  transformation 
matrix: 


XB 

yb 

s 

h 

XB 

YB 

s 

_ZB 

~xb" 

yb 

s 

h 

- 

XB 

=  cos 

yb 

=  cos 

ZB 

=  sin 

[roll  matrix]  [pitch  matrix] 


1  0  0 
0  cos  0  R  -sin  0  R 
sin  0  R  cos  0  R 


cos  @  p 
cos  0  R 
sin  0  R 


sin  0  p 
sin  0  p 


1 

j 

k 


cos  0  p  sin  0  p 

-sin  0  p  cos  0  p 

0  0  0 

sin  0  p 


»  Mi 

T 

j 

k 

i 

J 

k 

sin  0  R  k 
cos  0  R  k 
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Now  that  we  have  the  transformation  matrix  to  transform  vectors  from  the 
local  reference  system  to  the  inertial  system  we  need  only  express  the  vector 
to  the  center  of  each  module  in  terms  of  the  local  system.  Using  these  vectors 
and  knowing  that  the  calibration  plane  for  the  experiment  was  1.144  inches 
toward  the  simulator  from  the  center  of  the  inertial  system,  it  is  possible  to 
calculate  the  actual  distance  of  each  module  from  the  simulator  and  apply  the 
necessary  corrections.  Since  formulation  of  the  local  vectors  to  each  module 
is  a  simple  geometry  problem  they  will  not  be  derived  here;  however,  the  vectors 
are  presented  below  for  any  interested  party.  (All  dimensions  are  in  inches.) 


S2 

r 

R4 

k 


.  625Xo  +  1 .206 Yd  +  2.500ZR 
.625X5  +  1 .206Yo 
.625Xd  -i-  1.206Yb  -  2 . 500Zd 
625}  -  3 . 41 9Yg  +  2.500Zq 


.625Xr  -  3.419YR 
.625Xg  -  3.419Yg 


-  2.500Z 


B 


It  should  be  pointed  out  that  the  simulator  beam  is  close  enough  to 
uniformity  for  any  plane  perpendicular  to  the  beam  to  be  well  within  experl 
mental  error  for  this  experiment.  Thus,  it  Is  necessary  to  calculate  only 
the  inertial  X-axis  component  of  the  module  vectors. 


The  solar  attitude  angle,  es.  Is  computed  in  the  following  manner.  We 
define  a  vector, p,  that  Is  perpendicular  to  the  surface  of  the  modules 
(we  will  choose  module  2  for  simplicity).  Since  we  know  that  the  angle 
between  the  local  X-axis  and  the  module  surface  is  30°,  it  is  obvious  that: 


p  «  cos  30°  Xg  +  sin  30°  Yg 
p  =  .866  Xg  +  .500  Yg 
Also  we  know  that: 

p  •  1  ■  |p |  x  |T|  *  cos  es 
but 

|p|“MI  *  1 

so 

cos  es  »  p  •  1 

es  ■  cos"1  [  (.866)  (cos  ep  1  +  sin  ep  j)  +  (.500)  (-cos  or  sin  ep  i 
+  cos  ep  cos  ep  J  -  sin  sr  Ic) J  •  T 

es  >  cos'1  [  .866  cos  ep  -  .500  cos  ep  sin  epj 

This  completes  the  derivation  of  the  information  necessary  to  compute 
the  data  corrections  described  elsewhere  in  this  report. 
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APPENDIX  B 


COMPUTER  PROGRAM  FOR  TRIAD  DATA  REDUCTION 


This  program  was  written  in  FORTRAN  Extended  for  use  on  the  CDC  6600 
computer.  All  of  the  compensating  factors  discussed  in  this  paper  were 
included.  Figure  51  is  the  program  logic  flowchart.  A  printout  of  the 
program  is  included  at  the  end  of  this  Appendix  as  Figure  52. 
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Figure  51.  Computer  Program  Flowchart 
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‘AM 


T»I AH  cor  6600  FTN  V3.J-1?1A  OPT»l  12/29/72 

pen^PAM  T*  TAT (INPUT .OUTPUT) 

®FAt  *>ll.P21,"31t“41,)*51,H6l  _  _  _  __ 

TIMPUPT^N  T1(12>,T7(12> 

TF»E=C 

“1*3.14 

100  FCRMAT (2F6 •1) 
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102  PCPMAT(lMO,lCV,!2,7y,F6.0,2»,ri...O*?*,P4.3*4PO.’,5FlC.3,«fOjl> 

113  FfPM*  T (1H1  ,lfX,  3H«UN,lX,5HPITfM,’*,4HPOU,2X»0HSOlAR,7X,7HV8tTAr,F,* 
12y,rHVC't7A€P,2Xt™VPlTAGE,2)(.7Hf‘USPFN,T*  3X,7HCURReNT,3X,7HCURPFWTtT 
?XfTH(*UPPP»IT,  3y,7M<;UPRFMT,3K,7MrUPAFNT,4X,7HSAH 
104  FCPMAT(llXf3HN0.ilX,6HANr,LE»?XfFHANGLE,lX,6HANGL',2»,7HGP0UP  1,2X, 
1’rGROUP  7,?X,7PGPOIJP  3,2X,AMMnnULP  1  »?X  .  OMHOOULE  2,’X, OHMOOUIE  3,? 
?V#9M*(rrULF  4,?X,AMM0fTUI.P  5 ,’X, «HMC"ULF  6,2X.,5HARGIE» 

10*!  FCP*1AT(/» 

IF  230  T*l,12 
»EA9  1C0,T1(T),T?(T1 
POO  CCNTTM'F 
301  PPTNT  103 

Psimt  104  ....... 

vruNT*r 

30’  "FAD  1C1»T,FA,PA,VI,V2, V3, Al.Ap.A’, A4.A5.Af  ,SAO 
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7F1*G05(TP) 

XF2««TN'(TC» 
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vfii.tm  (Tpj 

7F1*-5TN(TR)*«T» (TP) 
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♦1*1*0.025* 7*1 ♦1.2u6*YBl-2.5G*7»1 
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M«l«3.625*v"l-?,4l0*7pi 
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C»1«M11- 1.144 

'TP2*“21-1.144 

«P7*“31-1.144 

r74aM41-).144 

C*’6*H61-1.144 
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«i  t*i«o  cor  s*>on  ptn  vT.j-^ofl  ipt=i 

**%1*  T  |  ( 1 1  *  VI 

c%8«nm*v? 

r«3«THT»*V’ 

S  =  JS.C*Cl.P-S#0/l**ir.‘») 

Tr*<ipo./pii*«rcs<o.s66*co$an-n.5*rn«;  (Tei  *«stn< t®*  > 
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SCOUT  sKCUNTM 
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